Characterization of resonant tunneling paths in current-voltage characteristics line shapes
We analyze the current density-voltage characteristics of double-barrier tunneling diodes, with different spacer layers, within the framework of a Poisson solver together with a coherent tunneling approximation for transmission probabilities. We show that varying the spacer layer thickness, together with barrier heights, changes dramatically the current density-voltage characteristics line shape, which is revealed to be an important qualitative signature of the tunneling paths involved in the double-barrier diodes under operation. © 1995 American Institute of Physics.
Resonant tunneling double-barrier diodes GaAs/AlGaAs have received attention since the observation of spatial confinement effects on their current-voltage characteristics. 1 Spacer layers between the heavily doped contacts and barriers have been used in order to get higher peak currents and greater peak-to-valley ratios.
2 These efforts were followed by numerical calculations for the current density-voltage characteristics. 3 The main challenge to these calculations is properly taking into account the scattering mechanisms together with the dynamical aspects of charge redistribution during current flow. 4 Due to the complexity of the problem, the use of simple ''Poisson solvers'' became widespread as support to experimental work. 5 These Poisson solvers are normally based on the semiclassical Thomas-Fermi approximation, neglecting the confinement effects in the accumulation layers. Recently, Fiig and Jauho 6 ͑FJ͒ proposed a hybrid model: a semiclassical approximation for bulk ͑3D͒ electrons in the contacts with a more appropriate treatment of the electrons in the accumulation layer. Nevertheless, systematic investigation of the consequences of varying the spacer layer thicknesses are not common in the literature. 7 With the presence of spacer layers one has the formation of accumulation layers with quantized levels leading to an additional twodimensional ͑2D͒ electronic system, coupled to the doublebarrier structure. It turns out that the tuning of the 2D electron gas at the accumulation layer leads to dramatic changes in the line shape of the current-voltage characteristics as a function of device parameters. The main result is that one has two clear limits for the line shape of the current-voltage characteristics, involving a single quasibound state in a double-barrier quantum well: single asymmetric and doubly peaked I-V curves.
We consider Al x Ga 1Ϫx As-GaAs symmetric doublebarrier structures with symmetric spacer layers. Our Poisson solver is based on the FJ model, where the electron concentration outside the double-barrier structure is given by
ϪE c ͑z͒ kT
where F 1/2 is the jth order Fermi-Dirac integral, E c (z) is the profile of the conduction band minimum to the left of the maximum of the potential bump in the spacer layer region.
To the right of this point, E c (z) is kept fixed at this maximum value. ⑀ i and ⌿ i are the energy and the wave function of the ith bound state in the accumulation layer. In the double-barrier quantum well, the electron concentration is given by the second term of Eq. ͑1͒, with the probability density weighted by a factor, 8 T e /(T e ϩT c ), where T e (T c ) is the transmission probability through the emitter ͑collector͒ barrier.
In what follows we have a contact doping of n ϩ ϭ10 18 cm Ϫ3 , barrier and well thicknesses of 25 and 50 Å, respectively. Al concentration ranges from xϭ0.3 to xϭ0.57; ⌬E c ϭ258 meV-⌬E c ϭ507 meV at the ⌫ point. 9 Tunneling through X states in the collector barrier can be neglected for the bias range investigated here. Figure 1 shows the potential profile for a double barrier structure under applied bias. We notice the formation of the potential bump in the spacer layer region. By increasing the spacer layer thickness, the accumulation layer is progressively isolated from the emitter contact region. Having accumulation layer and then in the double barrier; ͑iii͒ tunneling directly from a 2D state in the accumulation layer lying below the conduction band minimum of the remote 3D emitter. Which of these cases contribute to the tunneling process can be verified by showing the positions in energy of the quasi-2D states as a function of applied bias for a given structure. This is illustrated in Fig. 2 , where the spacer layer thickness is changed from ͑a͒, L s ϭ300 Å to ͑b͒, L s ϭ600 Å, considering xϭ0.3 and xϭ0.57 for both cases. In Fig. 2 we observe anticrossings between quasibound states of the quantum well and accumulation layer. These anticrossings occur at energies above the conduction band minimum at the remote 3D emitter contact at the far left ͑see also Fig. 1͒ . Current density-voltage ͑J-V͒ characteristics including these anticrossings effects can therefore be evaluated by means of the Esaki-Tsu equation. 10 The transmission probability is calculated by considering a plane wave incident from the far left and integrating the Schrödinger equation 11 in the effective-mass approximation for a potential profile given by the solution of the Poisson solver.
In Fig. 3 , J-V characteristics for double-barrier diodes with spacer layers 300 Å wide at Tϭ0 K are shown. The Al concentrations are xϭ0.30 ͑xϭ0.57͒ in the left͑right͒ panel.
A dramatic change in the J-V curve line shape with barrier height occurs. Referring to Fig. 2͑a͒ , the onset of the peak in Fig. 3 ͑left-hand side͒, coincides with the anticrossing of the quasibound state in the well with the Fermi energy. No structure in the J-V characteristics is present due to the anticrossing of the well and accumulation quasibound states. The drop of the current-density peak occurs when the level in the well goes below the potential bump in the spacer layer ͑see Fig.  1͒ . The situation leading to this line shape is rather involved. Due to charge accumulation, the position of the accumulation layer level is nearly pinned. The collector barrier drops faster with bias than the emitter barrier, resulting in a strong asymmetry between T e and T c with a consequent suppression in the transmission probability peak 11 related to the coupling between the levels in the accumulation layer and double barrier. This picture can be changed by increasing the barrier heights, as shown in Fig. 3 ͑right-hand side͒. Now, higher barriers reduce the first current-density peak and a more opaque collector barrier enhances the transmission probability due to the coupling of the quasi-2D levels in the triangular and double-barrier quantum wells.
In Fig. 4 J-V characteristics for L s ϭ600 Å at Tϭ0 K are shown. The other parameters are the same as in Fig. 3 . Increasing the thickness of the spacer layer leads to a successive isolation of the accumulation layer. In other words, we observe that the top of the potential bump formed in the spacer layer region under applied bias approaches the Fermi energy. This results in a sharpening of the energy window for the 3D electrons ͑in the remote far-left emitter͒ to tunnel directly through the level in the double-barrier well. On the other hand, as can be seen from the energy position of the peak in Fig. 4 ͑left-hand side͒, low collector barriers still make the tunneling of 3D electrons the dominant tunneling path. Nevertheless, increasing barrier heights now makes the second peak ͑due to the coupling between the states͒ completely dominant in the J-V characteristics.
The main conclusion is that one has two limits for the line shape of the current density-voltage characteristics. The first one corresponds to a single highly asymmetric peak, abrupt at the lower bias side, due to tunneling of 3D electrons over the potential bump in the spacer layer. The second limit shows a doubly peaked structure, where the second peak is due to the coupling of the quasibound states in the accumulation layer and double-barrier quantum well. The difference between these two limits is a compromise of various effects, namely the effective transparency of the collector barrier, pinning of the accumulation layer level, and the width of the energy window between the Fermi energy and the top of the potential bump in the emitter region. Making the collector barrier less transparent, there is an enhancement of the tunneling probability when the quasibound states in the accumulation layer and double-barrier structure are coupled. At the same time, increasing the spacer layer thickness leads to a domination of this tunneling path on the tunneling of 3D electrons from the far-left emitter directly through the double-barrier level. We limit our analysis to structure with thin barriers due to numerical reasons. It should also be stressed that scattering effects 5 would tend to smear out the predicted features. For structures with thicker symmetric barriers, one should observe only the doubly peaked J-V characteristics. This lineshape change could be observed on a single sample with asymmetric barriers. Biasing this sample to have a thin collector barrier, one should observe a single peaked asymmetric J-V characteristics like in Fig. 3 ͑left-hand side͒. Biasing in the opposite direction, the J-V curve should show a double peak structure, as in Figs. 3 ͑right-hand side͒ or 4 ͑right-hand side͒. Evidence of these line shape changes can be seen in works concerned with bistability effects 12 and single electron tunneling. 13 
